Macrophages are common targets for infection and innate immune activation by many pathogenic viruses including the neurotropic Theiler's Murine Encephalomyelitis Virus (TMEV). As both infection and innate activation of macrophages are key determinants of viral pathogenesis especially in the central nervous system (CNS), an analysis of macrophage growth factors on these events was performed. C3H mouse bone-marrow cells were differentiated in culture using either recombinant macrophage colony stimulating factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF), inoculated with TMEV (BeAn) and analyzed at various times thereafter. Cytokine RNA and protein analysis, virus titers, and flow cytometry were performed to characterize virological parameters under these culture conditions. GM-CSF-differentiated macrophages showed higher levels of TMEV viral RNA and proinflammatory molecules compared to infected M-CSF-differentiated cells. Thus, GM-CSF increases both TMEV infection and TMEV-induced activation of macrophages compared to that seen with M-CSF. Moreover, while infectious viral particles decreased from a peak at 12 h to undetectable levels at 48 h post infection, TMEV viral RNA remained higher in GM-CSF-compared to M-CSF-differentiated macrophages in concert with increased proinflammatory gene expression. Analysis of a possible basis for these differences determined that glycolytic rates contributed to heightened virus replication and proinflammatory cytokine secretion in GM-CSF compared to M-CSF-differentiated macrophages. In conclusion, we provide evidence implicating a role for GM-CSF in promoting virus replication and proinflammatory cytokine expression in macrophages, indicating that GM-CSF may be a key factor for TMEV infection and the induction of chronic TMEV-induced immunopathogenesis in the CNS.
Introduction
Bone-marrow derived monocytes/macrophages are targets for infection and replication by viruses such as Human Immunodeficiency virus (HIV) [9, 12, 35] , Dengue [50, 58] , Ebola [16] , RSV, Influenza A and Theiler's Murine Encephalomyelitis (TMEV) [42, 54] . Macrophages are composed of very heterogeneous and plastic populations, whose differentiation from monocytes is driven primarily by two macrophage growth factors: macrophage-colony stimulating factor (M-CSF) and granulocyte-macrophage colony stimulating factor (GM-CSF) [51, 55, 61] . The state of macrophage differentiation at the time of virus infection is important, as virus interactions with different macrophage subpopulations can result in alternative disease outcomes [68] .
M-CSF and GM-CSF exert different influences on phenotype and function of macrophages [55] . Macrophages differentiated with these factors are relatively quiescent until triggered by appropriate microbederived ligands (pathogen associated molecular patterns, PAMPs) that stimulate various pathogen recognition receptors (PRRs) expressed on macrophages [4] . For instance, M-CSF has been shown to prime macrophages to respond to PAMPs with an anti-inflammatory profile including IL-10 secretion [23] . In contrast, GM-CSF primes monocytes to respond with an inflammatory macrophage phenotype [23, 32] . Inflammatory macrophages express proinflammatory cytokines such as IL-12, IL-23, TNF-α, IL-1α, IL-1β, and CCL2 [13, 46, 47, 69] when exposed to various PAMPs [60] . In addition to proinflammatory cytokine production in macrophages, GM-CSF increases rates of nitric oxide production, phagocytosis, antigen presentation, cell survival, and proliferation in response to PAMPs [6] . Based on these differences, studies have shown that GM-CSF and M-CSF differentiated macrophages can shape the outcome of inflammation-driven diseases by affecting the polarization states of macrophages [8, 32, 34, 52] .
Macrophages have been shown to play an important role in virusinduced CNS disease [1, 19, 73] . Monocytes infected in the periphery are able to cross the blood brain barrier by the "Trojan horse" pathway, and differentiate into macrophages once in the tissue under the influence of local factors including macrophage growth factors, cytokines and microbial materials. Of particular relevance to the present studies, both M-CSF and GM-CSF are produced within the CNS parenchyma during CNS virus infection by microglia and astrocytes respectively [27, 56] . Moreover, GM-CSF produced by infiltrating T cells provides an additional stimulus to monocyte differentiation in the CNS [20, 63, 66] . Under these influences, monocyte-derived macrophages produce a distinct array of proinflammatory cytokines, chemokines and toxic molecules that either promote anti-microbial immunity or, if dysregulated, damage CNS tissue [38] .
The neurotropic virus, TMEV, is a murine single-stranded RNA picornavirus. Attenuated forms of the virus are used to study biphasic demyelinating disease as a model for the human demyelinating disease, multiple sclerosis [17, 70] . In the TMEV model, viral RNA copies have been detected in high numbers in the spinal cord up to six months after infection despite the lack of infectious virions, indicating a propensity for the persistence of TMEV genomes in the CNS [41, 53, 73 ]. An explanation for the disparity between viral RNA and infectious virus has not yet been elucidated during TMEV persistence [25] , but chronically elevated levels of viral RNA represent a source of persistent innate immune activation and potential reactivation of viral production. Previous studies have shown that TMEV infects and replicates in monocytes/macrophages [11, 41, 42, 54] . More specifically, evidence suggests that TMEV replicates in terminally differentiated pro-inflammatory macrophages, but not undifferentiated macrophages [39, 40, 42] . In Src homology region 2 domain-containing phosphatase 1 (SHP-1)-deficient mice, our lab established that intracranial or peritoneal infection of suckling mice with the attenuated BeAn strain of TMEV resulted in macrophage-mediated CNS demyelinating disease that was not seen in wild type (WT) mice [10, 11, 54] , demonstrating a key role of innate immune activation of macrophages in the demyelinating process. Our previous in vivo studies found that monocyte-derived macrophages (CD45 hi CD11b + F4/80 lo ) infiltrated the CNS of SHP-1-deficient mice at significantly higher levels than wild type mice during TMEV infection, and that the infiltrating SHP-1-deficient macrophages had a 5-fold increase of TMEV RNA compared to wild type mice, indicating TMEV replicated at a higher rate in SHP-1-deficient macrophages [10] . Our studies also found that the TMEV-infected SHP-1-deficent macrophages are more M1-like, with significantly higher levels of IL-6 and IL-1β compared to wild type TMEV-infected macrophages [10, 71] .
Since both GM-CSF and M-CSF have been shown to play different roles in disease and macrophage differentiation and function including in the CNS [7, 44, 55, 68] , it was important to probe the influence these growth factors on TMEV infection, RNA persistence, and innate activation of macrophages in vitro. The latter was particularly relevant to our previous in vivo studies suggesting that the pathogenic infiltrating macrophages were M1-like, and therefore might be variably influenced by these factors. Our analysis shows that GM-CSF-and M-CSF-differentiated macrophages develop unique phenotypes that respond to TMEV infection in distinct ways. In particular, GM-CSF differentiated macrophages infected with TMEV had higher levels of viral RNA, infectious virus, and proinflammatory molecules compared to infected M-CSF-differentiated cells. Importantly, while both M-CSF and GM-CSF differentiated macrophages ceased to produce infectious TMEV viral particles over time, TMEV genomes uniquely persisted in GM-CSF-differentiated macrophages suggesting a pathogenic role for GM-CSF in TMEV persistence and inflammation seen in CNS TMEV infections. Of particular interest, we found that the glycolytic rate of GM-CSF macrophages was significantly higher than in M-CSF macrophages, suggesting that TMEV required glycolysis in inflammatory macrophages for efficient replication. This observation may provide a potential mechanism for increased TMEV replication and proinflammatory activity in GM-CSF-derived macrophages in TMEV-induced macrophagemediated disease.
Materials and methods

Animals
Homozygous wild type mice were produced from congenic C3FeLe.B6 a/a-Ptpn6/J wild type mice (Jackson Laboratories, Bar Harbor, ME) All animal experiments were performed under approval from the Institutional Animal Care and Use Committee (IACUC) at SUNY Upstate Medical University.
Bone marrow-derived macrophages
Bone marrow-derived macrophages were prepared by cell harvest from femurs and tibias of two-to-three week old wild type mice. Cells were cultured in complete medium containing 10% fetal bovine serum 
Macrophage infections
BeAn TMEV was obtained from ATCC (Manassas, VA; No. VR-995) and propagated in BHK-21 cells (ATCC; No. CCL-10). Plaque assays were performed to determine viral titer as plaque-forming units per milliliter (PFU/ml). Bone marrow-derived macrophages were washed with serum-free DPBS and infected with BeAn TMEV at an MOI of 10 or mock infected with serum-free DMEM. Cells were gently agitated every 15 min, and after adsorption of TMEV for one hour at 37°C virus was removed and cells were cultured in complete medium containing 20 ng/ml recombinant mouse M-CSF or GM-CSF. At 1, 12, 24 and 48 h time points supernatant and cells were spun down to collect adherent and nonadherent cells. Supernatants were removed and stored at −80°C and cell pellets were suspended in RNA STAT-60 (Tel-Test, Inc., Friendswood, TX) and stored at −80°C until further processing for RNA extraction/analysis. For the kinetics study, bone-marrow-derived macrophages were grown, infected and collected as described at 1, 12, and 24 h post-infection. For the 2-DG assay, bone marrow derived macrophages were isolated, grown and inoculated with TMEV as previously described. After inoculation, 50 mM of 2-DG was added to the complete medium, and supernatants were removed 12 h.p.i. and stored at −80°C.
RNA analysis
RNAs were purified from cell pellets by extraction using the RNeasy Mini Kit (Qiagen, Germantown, MD; No. 74104), and were analyzed by a custom designed Quantigene 2.0 Multiplex Assay (Affymetrix, Inc., Santa Clara, CA) for the 1, 12, and 24 h time points. The Affymetrix QuantiGene Plex 2.0 Assay (a multiplex bead-based assay) was used to measure the expression of 41 genes of interest (including 38 target genes and 3 reference genes). The plate was read using the BioRad BioPlex 200 instrument using settings of 100 μl volume; 60 s timeout; and 100 Bead Events/Bead regions. Fluorescent readings from blank wells were subtracted from fluorescent values for each mRNA of interest. Values exceeding background were then normalized to the geometric mean signal derived from three reference genes in each sample: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Hypoxanthine-guanine phosphoribosyltransferase (HPRT1) and TATA binding protein 1 (TBP1). These normalized ratios were then scaled to positive integer values by multiplying them by a constant (10,000). The 48 h time point was run on a separate custom designed Quantigene 2.0 Multiplex assay looking at genes of interest and TMEV RNA expression. Results from the 48 h time point were analyzed as described above.
TMEV real-time qPCR
RNAs from 1, 12, and 24 h time points were purified by RNeasy Mini Kit (Qiagen, Germantown, MD; No. 74104) and converted to cDNA using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA; No. 170-8891) following manufacturer's instructions. Real-time qPCR was done on Step One Plus Real Time PCR System (Applied Biosystems, Foster City, CA) using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA; No. 4367659). The PCR parameters were 3 min. at 95°C and 40 cycles at 95°C for 15 s and 51°C for 60 sec. The primers were used at 300uM. Relative gene expression levels were calculated during the logarithmic amplification phase by comparison to mock controls, and standardized to GAPDH. The primer pairs used in the study were: TMEV forward: TGGTCGACTCTGTGGTTACG, reverse: GCCGGTCTTGCAAAGATAGT; and GAPDH, forward: ACCACCATGGAGAAGGC, reverse: GGCATGGACTGTGGTCATGA (Integrated DNA Technologies, Coralville, IA).
TMEV titers
Released infectious TMEV particles were measured by standard plaque assay on a confluent monolayer of BHK-21 cells. Cells were washed with DPBS and infected with serial dilutions of supernatants from infected macrophages for 1 h in a 37°C. After the incubation, the BHK-21 cells were washed in DMEM with 1% FBS, and overlaid with 3 ml of 2% agarose (Sigma Aldrich, St. Louis, MO; No. A9045) in DMEM supplemented with 2% FBS and incubated at 37°C. Three days after infection, the monolayer was fixed with methanol, stained with 0.1% crystal violet, and plaques were counted to calculate pfu/ml.
Multiplex cytokine bead assays
Production of select cytokine, chemokine and growth factors was measured in supernatants from 1, 12, 24 h TMEV and mock infected macrophages by the Bio-Plex Pro Mouse Cytokine 23-Plex Immunoassay (Bio-Rad, Hercules, CA; No. M60009RDPD) according to manufacturer's instructions on a BioRad BioPlex 200 instrument.
IL-6 cytokine assay
Production of IL-6 was measured in culture supernatants from 1, 12 and 24 h TMEV-and mock-infected macrophages by DuoSet ELISA kit (R & D Systems, Minneapolis, MN; No. DY406) according to manufacturer's instructions.
Glycolysis assay
GM-CSF and M-CSF differentiated bone marrow-derived macrophages were re-plated at day 5 onto 96-well seahorse plates, cultured for two days, the media was changed to Seahorse base media on day 7, and the Seahorse glycolysis stress test was preformed using the XFe96 analyzer (Seahorse Biosciences). The glycolysis assay was run by measuring the extracellular acidification rate (ECAR) after the following treatments: 10 mM glucose, 2 μM oligomycin, and 50 mM 2-DG. The rate of basal glycolysis was determined by subtracting the ECAR before the glucose injection from the ECAR after the injection of glucose.
Statistical analyses
GraphPad Prism 5 was used to perform statistical analyses. For Representative scatter plot depicting F4/80 and CD11c profiles of macrophages, including percentages of total cells.
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Figs. 2A, B and 4B, two-way anova with Bonferroni post-test was performed to compare measurements between groups across time-points. One-way anova with a Bonferroni post-test was used to compare measurements between time-points within one group. For  Figs. 1, 3 and 4A, 5, and 6A-C, a two-tailed unpaired student t-test was used to compare measurements between two groups within one timepoint. Error bars on graphs represent mean ± SEM.
Results
Bone marrow-derived macrophages differentiated with GM-CSF or M-CSF develop into phenotypically distinct cell populations
It is established that M-CSF and GM-CSF exert distinct influences on the differentiation of monocytes into macrophages [12, 6, 31, 32, 40] . To characterize the phenotypes of macrophages derived under the influence of these cytokines, bone marrow-derived cells were differentiated in M-CSF or GM-CSF, and surface expression of the macrophage-specific molecules CD11b, Ly6C, F4/80, CCR2 and CD11c were analyzed by flow cytometry (Fig. 1A) . M-CSF-differentiated macrophages displayed significantly higher expression of Ly6C and F4/80 compared to macrophages cultured in GM-CSF, while GM-CSF-derived macrophages expressed significantly higher levels of CD11c. Thus, two distinct populations could be observed in a cytokine-specific manner based on surface expression levels of F4/80 and CD11c (Fig. 1B) . Decreased levels of F4/80 observed in GM-CSF-derived macrophages suggested that GM-CSF-differentiated macrophages may be less mature than M-CSFderived cells, or alternatively, GM-CSF-derived macrophages trended towards a dendritic cell phenotype in the myeloid cell differentiation spectrum.
GM-CSF promotes greater replication of TMEV than M-CSF in macrophages
To determine if cytokine-specific differentiation of macrophages impacts macrophage susceptibility to TMEV infection, we performed a kinetic analysis of TMEV genome copies in either M-CSF or GM-CSFdifferentiated macrophages. M-CSF and GM-CSF bone marrow-derived macrophages were infected with TMEV at a MOI of 10, and cell-associated genomes were analyzed at various time points from 1 to 24 h after infection. Analysis of TMEV RNA genomes showed a significant increase TMEV RNA replication in GM-CSF-differentiated macrophages between 1 h and 12 h post-infection. A significant decrease in TMEVreplication occurred in GM-CSF-differentiated macrophages between 12 and 24 h post-inoculation. No significant change in TMEV replication was seen in M-CSF-differentiated macrophages between these timepoints. Comparatively, TMEV replication occurred at significantly higher levels in GM-CSF-compared to M-CSF-differentiated macrophages at 12 h and 24 h post-inoculation ( Fig. 2A) , indicating that GM-CSF-differentiated macrophages may be more supportive of TMEV replication than M-CSF-differentiated cells. The significant decrease in TMEV RNA levels after 12 h P.I. in GM-CSF-differentiated macrophages is in agreement with previous reports that the highest rate of TMEV replication in macrophages occurs at approximately 8-10 h post-inoculation of macrophages [41] .
To determine if the differences in TMEV RNA levels corresponded to relative levels of infectious virion production in M-CSF or GM-CSFdifferentiated cells, viral titers were measured (Fig. 2B) . Virus titers peaked at 12 h and significantly decreased from 12 h to 24 h after infection in GM-CSF-differentiated macrophages. This result was in contrast to M-CSF-differentiated macrophages that did not show significant differences in infectious virion production from 1 h to 12 h.p.i., and trended lower from 12 h to 24 h. Between groups, infectious virus levels at 12 h were significantly higher in GM-CSF-compared to M-CSF-differentiated macrophages. Further, infectious virions produced in GM-CSF-differentiated macrophages trended higher at 1 h and 24 h time points compared to virus produced from M-CSF-differentiated macrophages. Overall, these data suggest that GM-CSF may promote macrophage differentiation that is more favorable to TMEV replication, compared to M-CSF. 
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Proinflammatory activation of GM-CSF-and M-CSF-differentiated macrophages infected with TMEV
To further characterize growth factor-specific differences in macrophage-virus interactions, bone marrow-derived cells were differentiated in M-CSF or GM-CSF and either mock-infected or infected with TMEV at an MOI of 10. RNA was extracted from cells collected at 1, 12, and 24 h P.I., and mock-infected cells were harvested at 24 h. RNA levels of genes traditionally associated with proinflammatory activity were quantified by an RNA multiplex bead assay (Fig. 3) . In mock-infected cells, GM-CSF-derived macrophages displayed increased levels of proinflammatory genes (IL-1β, IL-6, MCP-1, RANTES, and iNOS) compared to M-CSF, indicating that GM-CSF may constitutively promote an overall increased macrophage activation state compared to M-CSF. Upon TMEV infection, GM-CSF-differentiated macrophages were induced to a greater proinflammatory state throughout the course of infection. At 1 h post-inoculation., these proinflammatory genes were significantly increased in GM-CSF-derived macrophages compared to M-CSF. Interestingly, genes encoding proteins of the interferon system (IFN-β and IRF-1) were also induced to higher levels in GM-CSF-differentiated macrophages consistent with the potential induction of antiviral responses and the eventual decrease in viral particle production after 12 h of infection. Nearly all genes assessed were significantly increased in GM-CSF-treated macrophages compared to M-CSF at 12 h P.I. (IL-1β, IL-6, MCP-1, CXCL10, RANTES, iNOS, IRF-1, IRF-5 and IRF8), and this trend continued at 24 h post-inoculation for IL-1β, IL-6, iNOS, IRF-1, IRF-5 and IRF8.
In order to further confirm the increase in activation and pro-inflammatory molecule production, an alternate RNA multiplex approach was used at 48 h post-inoculation with TMEV. In agreement with the above kinetic analysis of TMEV replication, infected GM-CSF-differentiated macrophages showed significantly higher numbers of TMEV genomes compared with M-CSF-differentiated cells analyzed by the multiplex bead approach (Fig. 4A) . Interestingly, released viral particles were undetectable by plaque assay in either GM-CSF or M-CSF-differentiated macrophages at 48 h post infection (data not shown). However, in concert with the presence of TMEV genomes in GM-CSF-differentiated macrophages, mRNA for IL-6, IL-1β, iNOS and TNF-α were much higher in GM-CSF-differentiated macrophages compared to M-CSF differentiated macrophages infected with TMEV for 48 h (Fig. 4B) . Taken together, these data indicate that GM-CSF-differentiated macrophages may be activated by TMEV infection to produce greater amounts of TMEV genomes and proinflammatory cytokines.
Secretion of proinflammatory chemokines and cytokines in GM-CSFand M-CSF-differentiation macrophages infected with TMEV
To quantify levels of proinflammatory protein production in infected GM-CSF and M-CSF-differentiated macrophages, macrophages were mock-or TMEV-inoculated and secreted cytokine levels were measured in supernatants collected at 1, 12, and 24 h P.I. by a cytokine multiplex bead assay (Fig. 5) . Basal levels of cytokines and chemokines including IL-1α, IL-β, IL-12 (p40), MIP-1α, MIP-1β, and RANTES were constitutively increased in GM-CSF compared to M-CSF-differentiated macrophages. At 1 h P.I., IL-1α, IL-β, MIP-1α, MIP-1β, and RANTES were further increased in GM-CSF differentiated macrophages compared to M-CSF differentiated macrophages. At 12 h P.I., all cytokines and chemokines measured, including IFN-γ and IL-6, were significantly increased in GM-CSF-cultured macrophages compared to M-CSF-differentiated cells. Secreted cytokine and chemokine protein levels from GM-CSF-differentiated macrophages also remained significantly higher relative to M-CSF at 24 h P.I. Taken together along with mRNA expression levels (Figs. 3 and 4B) , GM-CSF appears to promote macrophages to respond to TMEV infection with a greater activation state than M-CSF. Moreover, the increased activation state of GM-CSF-derived macrophages corresponds with an overall increased viral burden 
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(TMEV genomes) following TMEV infection.
Glycolysis contributes to increased TMEV replication in macrophages
Because previous studies have demonstrated a dependence of virus replication on glycolysis [30, 67] , and the previous reports of higher glycolytic rates in GM-CSF compared to M-CSF macrophages [2, 49, 62] , a possible role for glycolysis in increased TMEV replication in GM-CSFdifferentiated macrophages compared to M-CSF glycolysis was addressed. In agreement with previously reported studies mentioned above, GM-CSF differentiated macrophages had significantly higher basal glycolysis compared to M-CSF differentiated macrophages (Fig. 6A) . To determine if glycolysis affected TMEV replication in M-CSF and GM-CSF macrophages, we inoculated these cultures with TMEV and then added 2-deoxyglucose (2-DG), an inhibitor of glycolysis and, consequently, macrophage activation [18, 62, 64, 72] . Importantly, optimal TMEV replication was significantly dependent on glycolysis in both M-CSF and GM-CSF macrophages (Fig. 6B) . TMEV replication, while significantly decreased, was not entirely inhibited in 2DG-treated GM-CSF-differentiated macrophages suggesting a additional mechanisms promoting TMEV replication in GM-CSF-differentiated cells in addition to glycolysis. Finally, we also determined TMEV-induced secretion of the proinflammatory cytokine IL-6 was significantly inhibited by 2-deoxyglucose in both M-CSF and GM-CSF-differentiated macrophages (Fig. 6C) . Taken together these results suggested that both TMEV replication and proinflammatory cytokine secretion by macrophages may be highly dependent on glycolysis, and that increased levels of glycolysis in GM-CSF compared to M-CSF macrophages may be a significant contributing factor in the observed increase levels of TMEV and proinflammatory cytokine production by GM-CSF macrophages relative to M-CSF macrophages.
Discussion
M-CSF and GM-CSF are major growth factors involved in monocyte/ macrophage differentiation both peripherally and in the CNS [3, 26, 33, 59] . Indeed, our data suggests that bone marrow cells cultured in M-CSF or GM-CSF differentiate into phenotypically distinct macrophage populations in vitro. These unique populations appear to provide varying levels of permissiveness for TMEV replication and innate immune activation evidenced by increased RNA genomes, infectious virions and cytokine production in GM-CSF-differentiated macrophages compared to M-CSF. Finally, we show that glycolysis is significantly higher in GM-CSF compared to M-CSF macrophages, and that increased glycolysis may contribute to increased TMEV replication and cytokine secretion by GM-CSF macrophages. Overall, our data suggests that GM-CSF may promote a higher state of pro-inflammatory activation in macrophages, both constitutively and in response to TMEV infection, compared to M-CSF by promoting a glycolytic state in macrophages.
Our data are in agreement with previous studies that suggest the differentiation state of macrophages affects the susceptibility of the cells to TMEV infection. Early work by Jelachich et al. showed varying susceptibility to TMEV by transformed macrophage cell lines RAW264.7, P388D1 and M1, with the latter being completely resistant [39] . Later studies by Jelachich et al. showed that the M1 cell line becomes susceptible to TMEV infection after differentiation with M-CSF [40] . In addition, studies by Himeda, et al. using the attenuated TMEV DA strain, demonstrated that persistent infection in the J774 macrophage cell line may be due to downregulation of interferons and upregulation of granulocyte colony-stimulating factor, IL-10 and B-lymphocyte chemoattractant indicating further that macrophages are key targets in TMEV-induced CNS inflammatory disease in agreement with our studies [37] . The concept of macrophage differentiation states affecting susceptibility to virus infection and replication is not novel to TMEV, and human immunodeficiency virus (HIV) is a prominent example of the effects of M-CSF and GM-CSF on macrophage-virus interactions. Early HIV studies suggested that GM-CSF-derived macrophages displayed higher rates of HIV replication compared to M-CSF-derived macrophages [48] . Later research showed that M-CSF was sufficient to increase HIV replication in macrophages. However, it appears that GM-CSF enables HIV to infect cells at a less mature stage of macrophage differentiation relative to M-CSF, and may allow monocytes/macrophages to resist apoptosis upon infection [14] .
West Nile Virus (WNV) is another example of a virus that infects monocytes/macrophages and drives an inflammatory activation state of those cells in the CNS, but it is unclear if M-CSF or GM-CSF regulate WNV infection of monocytes/macrophages in vivo [28] . Indeed, multiple factors that control macrophage differentiation associated with a particular tissue microenvironment or pathogen in question are likely to affect virus replication and immune activation. For example, activated glial cells in the CNS produce pro-and anti-inflammatory cytokines in response to infection and innate microbial recognition [15, 29, 36, 57] . In addition, cells undergoing apoptosis during infection release molecules that can affect monocyte differentiation [3] . Therefore, it is likely that the microenvironment within different tissues affects monocyte/macrophages in ways that affect virus infection, innate inflammation, and tissue-specific pathology. We believe that the availability of M-CSF and GM-CSF may be predominant factors determining the outcome of in tissue-specific virus infections that involve macrophage tropism and macrophage-mediated tissue damage.
We have previously investigated the function of the macrophageenriched protein tyrosine phosphatase, SHP-1, in controlling macrophage-mediated demyelination following TMEV infection, and we found that CD45 + macrophages isolated from spinal cords of TMEVinfected SHP-1-deficent mice were skewed towards a pro-inflammatory phenotype similar to that described here in GM-CSF-differentiated macrophages [71] . Interestingly, SHP-1 has been implicated in playing a role in regulating both GM-CSF-and M-CSF-induced signaling in macrophages [43] . We speculate that the effects of macrophage regulators, including SHP-1, on GM-CSF or M-CSF signaling in macrophages in specific virus infections, will determine the outcomes of virusinduced macrophage-mediated diseases. Because inflammatory macrophages play a primary role in the demyelinating phase of disease in our model, we hypothesize that monocytes migrate into the CNS during TMEV infection and come under the influence of GM-CSF most likely secreted by resident CNS cells including astrocytes. We further hypothesize that the secreted GM-CSF skews monocyte differentiation towards a M1 macrophage phenotype that supports both TMEV replication and pro-inflammatory cytokine production as presented in this report. The precise pathological role of GM-CSF in TMEV-induced CNS demyelination will be tested in future studies. In regards to a possible mechanism as to why GM-CSF-differentiated macrophages support higher levels of TMEV replication, it is well established in the literature that GM-CSF differentiation of bone-marrow precursor cells requires an upregulation of glycolysis to increase production of metabolites important for cell growth, differentiation, and proinflammatory potential [18, 62, 64, 72] . With regards to triggering proinflammatory activity, GM-CSF-differentiated bone-marrow macrophages that have been activated through TLRs for more than 12 h switch exclusively to Warburg metabolism (i.e. glycolysis) [21] . Because glycolysis has been shown to be required for efficient replication of viruses including dengue virus, cytomegalovirus, Semliki Forest virus, Sindbis, Adenovirus, and Hepatitis C virus and poliovirus, the Warburg effect may be purposely enhanced by viral infections to increase energy and metabolite production required for virus replication and inhibition of apoptosis in host cells [5, 22, 24, 30, 45, 65] .
We propose that the increased ability of GM-CSF-differentiated macrophages to replicate TMEV and secrete proinflammatory cytokines is due to the increased rate of basal glycolysis relative to that seen in M-CSF macrophages. Future investigations on the role of GM-CSF and M-CSF in TMEV disease and pathology in vivo will need to be performed to substantiate the implications of the present studies for CNS disease. For instance, it will be important to measure levels of GM-CSF and M-CSF in the CNS during TMEV infection, and determine their individual roles in TMEV-induced disease using various immunological and molecular approaches in infected mice. Of particular interest is whether GM-CSF is a critical determinant of TMEV RNA persistence and inflammatory activity in monocyte-derived macrophages and perhaps resident macrophages (microglia) in the CNS.
